In the present work, the effects of tungsten (W) addition and heat treatment conditions on the microstructure, impact toughness and tensile properties of microalloyed forging steels were studied. Four kinds of microalloyed forging steels were produced by varying W additions (0, 0.5, 1 and 2 wt%). Heat treatment was carried out at temperatures ranging from 840 to 950 °C followed by air and furnace cooling. Mechanical tests were used to evaluate the room temperature Charpy impact and tensile properties. The resulting microstructures were analysed via optical microscope (OM), scanning electron microscope (SEM) and transmission electron microscope (TEM). The results show that the microstructure and mechanical properties of the microalloyed forging steels are closely related to the W content. Correct selection of heat treatment temperature and cooling method is very important to enhance the mechanical properties. The optimum heat treatment temperatures obtained in this study are 920, 900, 880 and 860 °C for the steels with 0%, 0.5%, 1% and 2% W, respectively. Both the impact toughness and tensile properties of the microalloyed forging steels have been significantly enhanced after heat treatment at the optimum temperatures followed by air cooling. 
Introduction
Many applications for structures, machine and vehicle parts require high strength and excellent toughness.
Traditionally, steels for these applications are produced by forging, and the required properties are obtained by quenching and tempering treatment. Interest has increased in the use of microalloyed forging steels in place of quenched-and-tempered steels to realise cost savings [1] . Microalloyed forging steels have been developed over the past several years and are increasingly applied in a variety of large-scale structures, engine, transmission, suspension and driveline components such as the flange, gears, springs, crankshafts, connecting rods, axles and shaft [2] [3] [4] [5] [6] .
Microalloyed forging steels employ small amount of microalloying elements (niobium, vanadium or titanium) to improve microstructures and mechanical properties, or to enable alternative processing routes. The required strength level is mainly provided by grain refinement and/or precipitation strengthening from microalloying elements. Undissolved and precipitated carbides, nitrides or carbonitrides restrict the movement of either dislocations or interfaces and prevent grain coarsening during heating and processing, resulting in improved strength. Compared with conventional quenched-and-tempered steels, microalloyed forging steels exhibit not only simplified operation procedures, but also increased microstructure uniformity, less stress concentration and improved dimensional stability. Decreased toughness, however, is usually accompanied. The application of microalloyed forging steels has often been limited based on toughness consideration at the required strength level [7] . In an effort to acquire excellent toughness, appropriate heat treatment is usually performed on the microalloyed steels after forging [7] [8] [9] [10] .
The air-cooled microstructure of microalloyed forging steels is generally composed of ferrite and pearlite. The content, size and distribution of ferrite and pearlite within the microstructure play an important role in the final mechanical properties. As a strong ferrite former, tungsten (W) can restrain pearlite and ferrite transformations, and is effective for precipitate refining and solid solution strengthening. Several attempts have been made to improve the mechanical properties of steels through W alloying. The studied materials were mainly focused on stainless steels, oxide dispersion strengthened ferritic steels, maraging steels, and steels used in power-generation and chemical industries [11] [12] [13] [14] [15] [16] . For microalloyed forging steels with different W contents, however, the mechanical properties have not been well reported. In particular, annealing heat treatment with purpose of achieving the best combination of required strength levels and acceptable toughness performed on W-containing microalloyed forging steels has been less investigated extensively.
In the present study, several microalloyed forging steels were produced by varying W additions. The aim of this investigation was to study the effects of W content, annealing temperature and cooling method on the microstructure, impact toughness and tensile properties of these microalloyed forging steels. Discussion was made on the mechanisms of improvement of mechanical properties after W addition and heat treatment.
Experimental procedure
Four kinds of steels with different W contents (0, 0.5, 1 and 2 wt.%) were used in this study. The chemical composition of the steels is shown in Table 1 . Ingots were homogenised at 1230℃ for 1 h and then hot forged to be a cube with cross section size of 140 mm × 140 mm and height of 400 mm followed by air cooling. The final forging temperature was controlled to be higher than 950℃. Specimens were prepared along the height direction of the forged pieces.
Preliminary investigation on the austenitisation start (A c1 ) and final (A c3 ) temperatures in heating was conducted via dilatometer tests prior to annealing heat treatment. The A c1 and A c3 temperatures of 0W and 1W specimens were determined as: A c1 =766℃ and A c3 =903℃ for 0W specimen; A c1 =771℃ and A c3 =910℃ for 1W specimen.
In order to find the optimum heat treatment conditions, annealing at 840, 860, 880, 900, 920 and 950℃ for 1h followed by air and furnace cooling were applied based on the determined A c1 and A c3 temperatures. Two groups of rectangular specimens with size of 11 mm × 11 mm × 60 mm and 11 mm × 11 mm × 110 mm respectively were cut from the forged steels. Annealing heat treatment was performed on these rectangular specimens using an electric furnace in laboratory.
Standard Charpy impact and tensile specimens were machined according to ASTM E 23 and ASTM E 8M, respectively. The Charpy V-notched specimens with cross section of 10 mm × 10 mm, length of 55 mm, notch angle of 45° and notch depth of 2 mm were employed to study the room temperature impact toughness on a Zwick/Roell impact tester. Tensile tests were performed using standard specimens (Gauge length 30 mm, gauge diameter 6 mm) on an Instron 8801 tensile testing machine at room temperature with strain rate of 5 × 10 -3 s -1
.
The resulting stress-strain curves were analysed to determine the yield strength (YS, 0.2% proof stress) and ultimate tensile strength (UTS).
Optical microscopy (OM), scanning electron microscopy (SEM) and transmission electron microscope (TEM)
were used to identify microstructure. For OM observation, specimens were metallographically polished and then etched with 2% nital solution. Slightly overetched specimens were examined under SEM. To examine the characteristic of precipitates, extraction replicas as well as thin foils mounted on Cu grids specimens were prepared and analysed on TEM operated at 200 kV. Fracture surfaces of the tested specimens were examined on SEM using an accelerating voltage of 15 kV to determine the failure mode. Differently, all the furnace-cooled specimens exhibit their highest toughness levels at 880℃, and the maximum impact energies of the heat-treated 0, 0.5, 1 and 2W specimens are 149.6, 120.3, 82.2 and 47.2 J, respectively. Table 2 illustrates the tensile properties of the as-forged specimens. It can be seen that the addition of W brings about increase in both YS and UTS at the expense of strain.
Results

Mechanical properties
Charpy impact properties
Tensile properties
The heat-treated specimens with the highest toughness levels under both air and furnace cooling conditions were employed to do the tensile tests. The typical tensile curves are presented in Fig. 2 . The tensile properties determined from these curves are listed in Table 3 . The result shown in Fig. 2a indicates that the addition of W leads to continuous yielding when the heat-treated specimens suffered from air cooling. Under furnace cooling condition, the tensile behaviour of 2W specimen with continuous yielding is different from that of other three specimens in which apparent yield points can be observed, as shown in Fig. 2b . Based on Table 3 , the heat-treated specimens subjected to air cooling exhibit higher strength levels than that subjected to furnace cooling at the expense of strain. According to Tables 2 and 3 , it is apparent that both the tensile strength and strain of the as-forged specimens have been significantly increased after heat treatment followed by air cooling.
Under furnace cooling condition, however, the decreased tensile strength of the as-forged specimens is caused, even though the strain has been greatly increased.
Microstructure
The microstructures of the as-forged specimens are shown in Fig. 3 , presenting a great difference in the structure morphology at different W content levels. The specimen without W consists mainly of polygonal ferrite (PF) and pearlite, as shown in Fig. 3a . The addition of W has changed the microstructures significantly.
Allotriomorphic ferrite forms in the 0.5W specimen, companied with large quantity of acicular ferrite (AF), as shown in Fig. 3b . Allotriomorphic ferrite is the first phase to form on cooling the austenite grains below the Ae 3 temperature [17] . It nucleates at the columnar austenite grain boundaries. Because these boundaries are easy diffusion paths, they become decorated with continuous layers of ferrite. With continuous increasing W from 0.5 to 1%, allotriomorphic ferrite disappears, and the microstructure becomes a mixture of AF and small amount of bainite (Fig. 3c) . When the W content is increased to 2%, the microstructure, which is dominated by bainite, is still composed of AF and bainite, as shown in Fig. 3d .
The microstructures of the air-cooled specimens according to Table 3 are presented in Fig. 4 . As can be seen, the microstructure of the air-cooled 0W specimen consists of equiaxed ferrite and pearlite, and the grain size distribution is very uniform (Fig. 4a) . According to Figs. 3a and 4a , it is apparent that annealing heat treatment has significantly refined the microstructure of the as-forged 0W specimen. In contrast to that in 0W specimen, small amount of bainite appears in the microstructure of 0.5W specimen (Fig. 4b) . With increasing W content, the amount of bainite increases, as shown in Figs. 4c and d . In addition, the size of bainite packets has been greatly refined after annealing heat treatment.
Fig . 5 illustrates the microstructures of the furnace-cooled 1 and 2W specimens according to Table 3 . It can be seen from Fig. 5a that the microstructure of the furnace-cooled 1W specimen is mixed by equiaxed ferrite and pearlite. Differently, small amount of bainite appears in the microstructure when the W content is increased to 2%, as shown in Fig. 5b . Moreover, furnace cooling induces coarser grains compared to that under air cooling condition at the same annealing temperature, as presented in Figs. 4c and 5a.
Fractography
Selected fracture surfaces in the shear lip areas of some impact specimens are demonstrated in Fig. 6 . It can be seen from Fig. 6a that the as-forged 0W specimen exhibits a brittle cleavage fracture. The fracture surface of the heat-treated 0W specimen suffered from air cooling is composed of small, deep and uniformly distributed dimples, which indicates the ductile nature of fracture, as shown in Fig. 6b . Based on Fig. 6b and c, furnace cooling leads to larger dimples compared to that suffered from air cooling. The fracture surface of the as-forged 0.5W specimen is a mixture of large cleavage facets and shear cracks, which also shows a characteristic of brittle fracture, as shown in Fig. 5d . After annealing heat treatment followed by air cooling, the fracture surface of 0.5W specimen becomes a mixture of cleavage facets and small dimples, as shown in Fig. 6e . However, as shown in Fig. 6f , a ductile mode fracture is obtained when the heat-treated 0.5W specimen suffered from furnace cooling. Fig. 7 shows the tensile fracture morphologies of 0, 0.5 and 2W specimens. It can be seen that all the fracture surfaces are composed of dimples, which indicate a characteristic of ductile fracture. The size of dimples exhibits a decrease trend with the increase of W content (Fig. 7a -c) . Moreover, as shown in Fig. 7d -f, annealing heat treatment has a beneficial effect on reducing the size of dimples.
Analysis and discussion
Variation of mechanical properties after W addition
When the W content is increased from 0 to 0.5%, the microstructure becomes a mixture of allotriomorphic ferrite and AF instead of PF and pearlite. The shape change is always associated with the growth of AF, and such shape change causes plastic deformation in the adjacent austenite. As reported by Strangwood [18] , the resulting dislocations are inherited by the AF as it grows, giving a dislocation density which is typically at 10 , respectively [20] . It then follows that bainite contains more dislocations than allotriomorphic ferrite and hence improve the tensile strength. When the W content is increased to 2%, the microstructure is dominated by bainite, and will cause further increased tensile strength.
As to the reasons of strength increasing after W addition, the following other causes are considered. One is the solid solution strengthening induced by W addition, which results from the fact that the atomic size of W is about 10% larger than that of Fe. The other is the hardening induced by the fine precipitates in W-containing steels. With refinement of various precipitates, the barriers of the dislocation motion increase with the increase of interphase boundaries, leading to an increase in the strength in this way. Fig. 8a and b presents the characteristic of precipitates in the as-forged 0 and 2W specimens, respectively. It is apparent that the precipitates have been significantly refined after W addition, and hence increased tensile strength is expected.
Effect of heat treatment on mechanical properties
As is well known, the yield strength of a polycrystalline solid increases in a linear manner with d -1/2 (d is the grain size), and ductile to brittle transition temperature decreases in proportion to d -1/2 [21] . Thus, grain refinement increases both strength and toughness. After heat treatment followed by air cooling, both the strength and toughness of the as-forged 0W specimen are significantly enhanced. According to Figs. 3a and 4a, these enhanced strength and toughness levels are closely related to the remarkable ferrite grain refinement.
Since the A c3 temperature of 0W specimen is 903℃, annealing heat treatment at temperatures lower than 903℃
induces incomplete austenitisation, leading to non-uniform distribution of ferrite. Coarser ferrite grains will be caused if the austenitising temperature is higher than 920℃ due to the increase of austenite grain size with temperature. These will consequently reduce the toughness. Under furnace cooling condition, the reduction in impact energy for 0W specimen should be attributed to the coarsening of ferrite grains during the very slow cooling process.
The hardenability increases after W addition, promoting the formation of bainite [22] . Since bainite does not facilitate the enhancement of toughness but strength compared with ferrite, the formation of bainite under air cooling condition is responsible for the lower toughness and higher strength than that suffered from furnace cooling. In contrast to the optimum temperatures corresponding to the highest toughness values under air cooling condition, higher temperature induces larger bainite packet, and lower temperature leads to the formation of non-uniformly distributed microstructure, as shown in Fig. 9 . During cleavage failure, the cracks propagate undeviated across individual packets of bainite [23] , and the size of cleavage facets obtained by brittle fracture correlates well with the size of the bainite [24] . These microstructural morphologies formed at either higher or lower temperature is, therefore, unfavourable to enhance the toughness. Therefore, there is an optimum temperature for obtaining the excellent mechanical properties, and the microstructural characteristic plays important roles in the enhancement of both impact toughness and tensile strength. 2. The toughness of the heat-treated 0W steel suffered from air cooling is better than that suffered from furnace cooling, while the heat-treated W-containing steels subjected to furnace cooling show higher toughness levels than that subjected to air cooling.
3. Correct selection of annealing temperature and cooling method is very important to obtain the best combination of excellent impact toughness and tensile properties. The optimum annealing temperatures obtained in this study are 920, 900, 880 and 860℃ for 0, 0.5, 1 and 2W steels, respectively.
4. Both the impact toughness and tensile properties of the microalloyed forging steels can be significantly enhanced after annealing heat treatment at the optimum temperatures followed by air cooling. Table 2 Tensile properties of the as-forged specimens. Table 3 Tensile properties of the specimens after annealing heat treatment. 
